The genus Metallosphaera, which belongs to the family Sulfolobaceae, was first proposed by Huber et al. (1989) . Members of the genus Metallosphaera have been isolated from a solfataric field (Huber et al., 1989) , hot springs (Takayanagi et al. 1996; Liu et al., 2011) , and a uranium mine (Fuchs et al., 1995) . At the time of writing, there are four species of the genus Metallosphaera with validly published names (http://www.bacterio.net; Euzéby, 1997): Metallosphaera sedula (Huber et al., 1989) , M. prunae (Fuchs et al., 1995) , M. hakonensis (Kurosawa et al., 2003) and M. cuprina (Liu et al., 2011) . Members of this genus grow aerobically at low pH values and high temperatures in the presence of elemental sulfur. In this study, we isolated two Metallosphaera-like strains from the muddy water of a sulfuric hot spring in Yunnan province, PR China. The morphology, physiological and biochemical properties, DNA-DNA hybridization, and phylogenetic analysis of the two strains are described.
Strains Ric-A T and Ric-F were isolated from muddy water samples collected from the edge of hot springs (temperature and pH of samples were 55-80 u C and pH 4.5-5.5, respectively) in Tengchong county, Yunnan province, PR China (24 u 389-25 u 529 N 98 u 059298 u 469 E). Samples were incubated at 70 u C for 7 days with modified basal salt medium (BSM) supplemented with 1 g yeast extract (Oxoid) l 21 or 0.2 g yeast extract l 21 and 10 g elemental sulfur l 21 respectively, as described by Chen et al. (2007) and Liu et al. (2011) . The enrichment of thermoacidophilic sulfur-oxidizers was transferred into fresh modified BSM and the incubation was repeated a further two times. ) as the energy source for autotrophic or heterotrophic growth. Solid plates were prepared according to the method described by Brock et al. (1972) with Gelrite gellan gum (0.7 %; Sigma-Aldrich). In order to examine the optimum growth pH, the isolated strains were cultured in YAllen at 70 u C. The initial pH of the medium was set as pH 1.0-7.0 at intervals of 0.5 pH units. The growth temperature of the strains was determined from 45 u C to 80 u C in 5 u C increments in the same medium. For determination of NaCl tolerance, the strain was cultured in the same medium supplemented with 0.5-2.5 % (w/v) NaCl in 0.5 % increments. Cell growth was determined by measuring the optical density at 520 nm.
Cell morphology and flagella were examined by transmission electron microscopy (JEM 1400; JEOL) and scanning electron microscopy (Quanta 200; FEI) at exponential growth phase. Gram-staining was determined according to the method described by Gerhardt et al. (1994) . Organic carbon source utilization was performed by adding different substrates to modified Allen medium with a final concentration of 1 g l 21 as described previously (Brock et al., 1972; Dong & Cai, 2001; Fuchs et al., 1995; Liu et al., 2011; Takayanagi et al., 1996) . Growth of strains Ric-A T and Ric-F under anaerobic conditions was tested by using H 2 as an electron donor and elemental sulfur as a terminal electron acceptor supplemented with CO 2 (H 2 /CO 2 , 4 : 1). Tamura et al. (1974) .
For analysis of lipid patterns, strains Ric-A T and Ric-F, and M. sedula DSM 5348 T and S. acidocaldarius NBRC 15157 T were cultured in YAllen medium at 70 u C and harvested at stationary-phase. Total lipids were extracted from the cells (about 2 g wet weight) according to Huber et al. (1989) . Cyclic tetraether core lipids were prepared by acid methanolysis of total cellular lipids in the mixture as described by Sugai et al. (1995) , and were separated by chromatography on TLC plates (Merck silica gel 60 HPTLC; Merck) with two ascending runs as described by Itoh et al. (2001) . The spots on the TLC plates were developed by spraying the plate with sulfuric acid/ethanol (1 : 1, v/v) followed by heating at 120 u C for 5-10 min (Liu et al., 2011) .
Genomic DNA of the isolated strains and type strains of the phylogenetically most closely related species M. hakonensis DSM 7519 T , M. sedula DSM 5348 T and M. prunae DSM 10039 T was extracted as described previously (Marmur, 1963) , and DNA G+C content was determined by the thermal denaturation method with Escherichia coli K-12 as a reference (Liu et al., 2011) .
DNA-DNA hybridization experiments were performed by the thermal denaturation and renaturation method, described in detail by De Ley et al. (1970) and modified by Huß et al. (1983) using a PerkinElmer Lambda 35 UV/VIS spectrophotometer with a thermal controller. Three independent DNA samples for every strain were used for each hybridization experiment and the results reported are mean values.
The 16S rRNA genes of strains Ric-A T and Ric-F were amplified from the genomic DNA by standard PCR protocols (PCR cycle conditions: 95 u C hot start for 5 min, followed by 30 cycles of 94 u C DNA denaturation for 1 min, 55 u C annealing for 1 min and 72 u C extension for 1 min. Then a final elongation at 72 u C for10 min) with the forward primer 0023aF (59-CTCCGGTTGATCCTGC-C-39) and reverse primer 1492R (59-GGTTACCTTGTTA-CGACTT-39). The resulting PCR products were sequenced by Big Dye Termination protocols using an ABI 3730XL automated sequencer (Applied Biosystems). The nearly complete 16S rRNA gene sequences were used to calculate the similarities with their phylogenetic neighbours using the EzTaxon-e server version 2.1 (http://eztaxon-e.ezbiocloud. net/; Kim et al., 2012) , and positions with insertions or deletions were excluded during calculations. Alignments of 16S rRNA gene sequences of the isolates and type strains of all species of the genus Metallosphaera with validly published names were performed with the CLUSTAL X program, version 1.64b (Thompson et al., 1997) . The neighbour-joining, minimum-evolution and maximum-parsimony phylogenetic International Journal of Systematic and Evolutionary Microbiology 65 trees were reconstructed using MEGA5.0 software (Tamura et al., 2011) based on evolutionary distances that were calculated with Kimura's two-parameter model (Kimura, 1980) . The robustness of the topology in the phylogenetic trees was estimated by bootstrap analysis on 1000 replications.
Strains Ric-A T and Ric-F were isolated from heterotrophic cultivation. Colonies of strains Ric-A T and Ric-F on YAllen solid plates were semi-transparent, smooth, rounded and convex with diameters of 0.5 and 0.7 mm, respectively. Cells of the strains were Gram-stain-negative, irregular coccoid, with a diameter of 1.0-1.2 mm. Flagella were not observed (Fig. S1 , available in the online Supplementary Material). Ric-A T and Ric-F were strictly aerobic. Strain Ric-A T grew at temperatures from 55 to 75 u C, and optimally at 70 u C. Cells grew at pH 1.5-6.5, with an optimal growth at pH 3.5. Cells flourished in YAllen containing 0 to 1 % (w/v) NaCl, and 1.5 % NaCl could inhibit growth. Both strains could chemolithoautotrophically grow on S 0 , K 2 S 4 O 6 , and pyrite, or sulfide ore mixture, with pH decreasing about 1.0-1.5; for the sulfide ore mixture, the concentrations of Fe 2+ and Fe 3+ in culture were 0.030 g l 21 and 1.83 g l
21
, respectively. Under autotrophic conditions, 0.1-0.2 g l 21 yeast extract stimulated growth of the strains. Neither growth nor H 2 S production occurred under anaerobic conditions when H 2 , CO 2 and elemental sulfur were present. Heterotrophic growth occurred on yeast extract, beef extract, peptone, tryptone and Casamino acids, and weak growth occurred on L-cysteine, L-glutamic acid, L-tyrosine and L-alanine. No growth was observed on the sugars used in this study. Detailed morphological, physiological and biochemical characteristics of the isolated strains and the differential properties from their close relatives are described in the species description and listed in Table 1. TLC analysis of the core lipids of strains Ric-A T and Ric-F, M. sedula DSM 5348 T and S. acidocaldarius NBRC 15157 T revealed that these strains produced identical core lipids (Fig. S2 ) of calditoglycerocaldarchaeol (CGTE) (Nishihara et al., 1987) and caldarchaeol (DGTE) (Sugai et al., 1995) . The DNA G+C contents of strains Ric-A T and Ric-F were 41.8 and 41.6 mol%, respectively (values are means determined in three different assays), which fall into the range of other type strains of species of the genus Metallosphaera (40.2-46.0 mol%) reported previously (Huber et al., 1989; Liu et al., 2011) (Table 1) .
Comparative 16S rRNA gene sequence analysis revealed 99.8 % sequence similarity between strains Ric-A T and Ric-F, demonstrating they were phylogenetically closely related. The sequence alignment showed that the isolates were most closely related to members of the genus Metallosphaera. T and M. cuprina JCM 15769 T were 96.9 %, 96.0 %, 95.9 % and 95.8 %, respectively. Sequence similarities of Ric-A T to recognized species of the genera Acidianus and Sulfolobus were less than 92 % and 89 %, respectively. The neighbour-joining tree (Fig. 1) showed that strains Ric-A T and Ric-F were located in the same branch and independently from the other species of the genus Metallosphaera. This cluster of members of the genus Metallosphaera was also topologically supported by the minimum-evolution and maximum-parsimony trees (Fig. S3) T were 23.9 % and 23.1 %, respectively. These values are below the threshold value (70 %) recommended for the delineation of genomic species (Wayne et al., 1987) . This confirmed that strains Ric-A T and Ric-F represent a distinct genospecies of the genus Metallosphaera. DNA-DNA relatedness of strains Ric-A T and Ric-F was 91.9 %, demonstrating that they are members of the same species.
Based on the above phylogenetic, chemotaxonomic, physiological and biochemical features, it is clear that isolates Ric-A T and Ric-F share the same phenotypic, physiological and biochemical properties and phylogenetic relationship which conform to the genus Metallosphaera, including their irregular coccoid cell-shape, being Gram-stain-negative, their acidothermophilic characteristic, autotrophic growth on sulfur and 16S rRNA gene sequence similarity. Otherwise, both strains showed a range of phenotypic characteristics that were different from previously described species of the genus Metallosphaera (Table 1 ). The pH range for growth is wider than other species of the genus Metallosphaera. Unlike M. prunae DSM 10039 T and M. cuprina JCM 15769 T , the isolates did not possess flagella. In contrast to the most closely related strain M. hakonensis DSM 7519 T , strains Ric-A T and Ric-F could not utilize H 2 S as energy. In addition, the isolates use fewer sugars as substrates for growth, unlike M. hakonensis and M. cuprina. Considering the observed differences, the isolates represent a novel species of the genus Metallosphaera, for which the name Metallosphaera tengchongensis sp. nov. is proposed, with Ric-A T as the type strain.
Description of Metallosphaera tengchongensis sp. nov.
Metallosphaera tengchongensis (teng.chong.en9sis. N.L. fem. adj. tengchongensis pertaining to Teng-Chong, Yunnan, Republic of China, from where the organism was isolated).
Cells are irregular cocci (1.0-1.2 mm diameter), Gramstaining-negative without flagella. Colonies on modified Allen plates supplemented with yeast extract are semitransparent, smooth, rounded and convex with a diameter of 0.5-0.7 mm. Growth occurs in extremely acidothermophilic conditions with growth at 55-75 u C (optimum 70 u C) and pH 1.5-6.5 (optimum pH 3.5). Cells grow well in modified Allen medium containing 0-1 % (w/v) NaCl, but growth is inhibited by 1.5 % (w/v) NaCl. (Takayanagi et al., 1996; Kurosawa et al., 2003) ; 4, M.
sedula DSM 5348 T (Huber et al., 1989) ; 5, M. prunae DSM 10039 T (Fuchs et al., 1995) ; 6, M. cuprina JCM 15769 T (Liu et al., 2011) . Sugar, amino acid, and organic substrate utilization tests for strains Ric-A T and Ric-F were designed as described by Takayanagi et al. (1996) , and M. hakonensis DSM 7519 T was run in parallel. The amount of growth was expressed as the ratio (R) of A 520 after 7 days incubation to A 520 before incubation, as follows: 2, R51; ±, 1¡R¡2; +, 2¡R¡10; ++, R¢10; when the results from this study for strain 3 are different from data reported in original references or there are no available data from original references for strains 5 and 6, the results from this study or from Liu et al. (2011) , respectively, are given in parentheses. Strains Ric-A T and T.
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Sulfolobus yangmingensis YM1 T (AB010957)
Sulfurisphaera ohwakuensis DSM 12421 T (D85507)
Pyrodictium occultum Numbers at branch nodes represent confidence levels from 1000 replicate bootstrap samplings; only values .50 % are shown. Bar, 0.02 substitutions per nucleotide position.
